Recent application of advanced biotechnology methods to produce specific glycoproteins for therapeutic purposes (e.g., tissue plasminogen activator, etc.) has created a demand for additional analytical methods to characterize the carbohydrate content of such recombinant DNA products (1). While the amino acid sequence of these proteins can be fixed, glycosylation within given cell cultures can vary, and such changes in glycosylation can greatly affect the biological activity of the resulting product. Although a variety of complex instrumental washing or incubation steps associated with their use. In fact, all the components of the assay are mixed in a single homogeneous solution phase within a tube or cuvette prior to determining the catalytic activity of the enzyme label (by subsequent addition of substrate). This greatly enhances the speed of the assays and enables relatively simple automation of such methods. While homogeneous assays have been successfully devised to detect a variety of low-molecular-weight analytes (e.g., drugs, vitamins, etc.), there has been only limited success in adapting this attractive concept for the detection of large proteins (14-16).
In our previous work (ll), we found that the catalytic activity of appropriately prepared monosaccharide conjugates of malate dehydrogenase (MDH) and glucose-6-phosphate dehydrogenase could be inhibited (up to 70%) in solution by lectins that bound strongly to the appended saccharide structures. When carbohydrates or glycoproteins recognized by the given lectin were also added to the assay mixture, enzyme activity increased in an amount proportional to the concentration of carbohydrate or glycoprotein present. The concentration required to reverse the inhibition was dependent on the relative binding affinity of the lectin toward the added species. For example, it was observed that galactoserich human IgA (immunoglobulin A) bound to Jacalin lectin tightly enough to fully reverse inhibition of MDH-galactose conjugates at relatively low levels of the protein (10 pg/ml), while human IgG or IgM did not (i.e., no response to these proteins at 2 mg/ml levels). This result stimulated us to pursue the studies described herein.
Specifically, in this paper, three different lectin/enzyme-saccharide systems are utilized in a "fingerprint" type assay scheme to determine whether there is a direct correlation between the observed homogeneous doseresponse behavior (e.g., ED,, values) and the type and relative amount of certain carbohydrate structures within given glycoproteins. The array of systems used include: Conconavalin A (Con A) with a MDH-mannose conjugate; Jacalin with a MDH-galactose conjugate; and wheat germ agglutinin (WGA) with an MDH-iV-acetylglucosamine conjugate. Synthetic BSAsaccharide conjugates with varying degrees of saccharide substitution and several native glycoproteins with known carbohydrate content are used as model analytes. It will be shown that the responses of each homogeneous lectinienzyme-conjugate system correlate reasonably well with the known type and relative amount of carbohydrate present within the glycoproteins examined.
MATERIALS AND METHODS

Apparatus.
Enzymatic activities were measured with a Gilford-Stasaar-III spectrophotometer equipped with a vacuum-operated sampling system and temperature-controlled cuvette (maintained at 30°C throughout the experiments).
This spectrophotometer was connected to a Syva CP-5000 EMIT clinical processor for automatically setting the reading intervals and recording the absorbance values. A Perkin-Elmer h Array 3840 uvNis spectrophotometer operated by a Model 7300 professional computer was used to obtain the spec- Reagents. @Fructofuranosidase, human q-acid glycoprotein, clc-amylase (from aspergillus oryzae), glucose oxidase, WGA, Con A, bovine submaxillary mucine, fe-
and MDH (from pigeon breast muscle) were all obtained from Sigma Chemical Co. (St. Louis, MO). The MDH substrates, oxaloacetic acid and NADH, were also Sigma products. Jacalin was purchased from Pierce (Rockford, IL). The assay for MDH and MDH-saccharide conjugate activity was performed in 0.10 M sodium phosphate buffer, pH 7.5, containing 0.01% (w/v) NaN, and 0.30% (w/v) gelatin (assay buffer). Deionized water was used to prepare all buffers.
lutions (0.6 mg/ml) buffered at pH 9.0 (HCO;/COz-). The coupling reaction was run for 24 h at 4°C with stirring. After extensive dialysis against phosphate buffer, the resulting conjugates were characterized by their residual activities, degree of saccharide conjugation, and percentage inhibition induced by excess amount of lectins. The degree of conjugation was determined by the phenol-sulfuric acid method for BSA-saccharide conjugates (17) and the Morgan-Elson method for MDH-N-acetylglucosamine conjugates (18).
Preparation of BSA-saccharide and MDH-saccharide conjugates.
The MDH-galactose
and BSA-saccharide conjugates used in this work were prepared as described previously (11). Briefly, p-isothiocyanatophenyl-D-glycoside (a-mannopyranoside, a-galactopyranoside, or &N-acetylglucosamine) was added in small portions to BSA or MDH soDetermination of enzymatic activity and maximumpercentage inhibition.
The activity of MDH-saccharide conjugates was determined by measuring the rate of decrease of NADH absorbance at 340 nm after addition of 100 ~1 of NADH (6.4 X lo-* M in 0.10 mol/liter phosphate-gel assay buffer)), 100 ~1 of oxaloacetic acid (1.9 x 10e3 M in phosphate-gel assay buffer), and 100 ~1 of a 60, to a gelatin-coated disposable plastic sample tube containing 700 ~1 of assay buffer. All solutions were kept at 0°C until the addition of the reagents. For each assay, after mixing reagents and subsequent agitation on a vibrator for a few seconds, the reaction mixture was aspirated into the thermostated flow cell of the spectrophotometer and the absorbance at 340 nm was measured over 1-min period after an initial delay of 20 s (AA min-l).
In order to determine the maximum percentage inhibition value for each conjugate, 100 ~1 of the assay buffer was replaced by 100 ~1 of the appropriate lectin solution prepared in assay buffer. In addition, the conjugates were incubated first with the lectin for lo-15 min before addition of the substrate solutions. Kinetics of association between MDH-glcNAc conjugate and WGA.
A WGA solution (100 ~1,100 fig/ml) in assay buffer was incubated for varying periods of time with 100 ~1 of conjugate (1.5 X lo-' M) in the same buffer. After each incubation period, enzymatic activity was determined as described above.
Effect of varying amount of lectin on the catalytic activity of MDH-glcNAc conjugate. were prepared in assay buffer. In the assay protocol, 100 ~1 of standard solution and 100 ~1 of enzyme-saccharide conjugate solution were added to a gelatin-coated disposable tube containing 100 ~1 of Con A (133 pg/ml), 100 ~1 of Jacalin (50 pg/ml), or 100 ~1 of WGA lectin (10 pg/ml) solution. The mixtures were incubated for 10 or 15 min on a shaker. The resulting enzymatic activity was measured as described above. Dose-response curves were prepared by plotting average (for duplicate tubes) percentage inhibition vs the logarithm of the concentration of each glycoprotein analyte in the 100 ~1 of standard solutions added to the assay mixture. The ED,, values (i.e., the concentration of glycoprotein required to achieve 50% of the total percentage inhibition value for a given set of reagents) were determined graphically from the dose-response curves.
RESULTS AND DISCUSSION
We have reported previously on the synthesis and lectin-induced inhibition of a variety of enzyme-man- nose and galactose conjugates with Con A and Jacalin, respectively (11). Given the objective of the present study to use an array of lectin/enzyme-saccharide reagents, we initially pursued the synthesis of additional enzyme-saccharide structures that would be useful as indicators for the binding of other lectins. It is known that WGA lectin recognizes N-acetylglucosamine with high affinity (19), and thus a sequence of MDH-glcNAc conjugates with varying amounts of glcNAc substitution was prepared. Among the resulting conjugates, the activity of an MDH-glcNAc conjugate (prepared with an initial molar ration of saccharide to enzyme of 500 and determined to contain 12.3 glcNAc residues per MDH after conjugation) was found to be inhibited up to 62% in the presence of excess WGA lectin. The kinetics of the binding reaction between WGA and this conjugate were examined by observing the percentage inhibition of conjugate after varying equilibration times with the added lectin (in excess, 100 pg/ml). Maximum inhibition is observed after 20 min, although the binding reaction is nearly complete after only 5 min of incubation (i.e., >55% inhibition is still observed after this time period). Figure 1 shows the effect of varying amounts of WGA, as well as Con A and Jacalin, on the activity of a given amount of this MDH-glcNAc conjugate using a lo-min incubation period between added lectin and conjugate. Note that over the concentration range examined, only WGA inhibits the activity of the conjugate. The degree of inhibition and binding kinetics of the new WGA/MDH-glcNAc homogeneous reagent system are quite comparable to that observed previously with the Con A/MDH-mannose and Jacalin/MDH-galactose reagents (ll), and thus all three reagents systems are potentially useful to probe the carbohydrate structure/ content of intact glycoproteins.
Prior to examining native glycoproteins with the three lectin/MDH-saccharide reagent sets, model BSA-saccharide conjugates containing varying degrees of terminal mannose or galactose groups were used as test glycoproteins to determine whether the proposed approach can detect, semiquantitatively, the relative amount of carbohydrate within these synthetic glycoconjugates. Table 1 summarizes the results of this initial study. As shown, the ED, values for each of the lectin/conjugate systems examined decreases in an amount proportional to the degree of saccharide substitution on the BSA.
To further test whether the lectin/enzyme-saccharide reagent sets could distinguish between variations of at least two different saccharides on the same protein, additional BSA conjugates with varying mannose/galactose molar ratios (approx 3/l, l/l, and l/3) were prepared by reacting BSA with the same ratios of the respective p-isothiocyanatophenyl-at-D-gycosides. The degree of total monosaccharide substitution for each conjugate was found to be between 26 and 30, as determined by the phenol-sulfuric acid method (17), with the ratio of BSA-appended carbohydrates (after extensive dialysis) presumed to be approximately equal to the starting conjugation ratio (note: galactose and mannose residues yield equivalent color in the phenol-sulfuric acid assay method). As shown in Table 2 . there is a direct correlation between the competitive ED, values observed with the Jacalin/MDH-galactose and Con A/ MDH-mannose reagent systems, and the mannose/galactose ratio in these synthetic glycoconjugates.
BSAsaccharide conjugates with higher mannose/galactose residues produce lower ED, values with the Con Al MDH-mannose system and greater ED,, values with the Jacalin/MDH-galactose system. This is expected given the known binding specificity of the lectins.
We further investigated the use of proposed lectinbased homogeneous ELBA to detect the type and relative amount of carbohydrate structures within several native glycoproteins. By utilizing three different lectin/ MDH-saccharide assay systems, various dose-responses can be obtained for a given glycoprotein. For this purpose, four different glycoproteins (from commercial sources) containing saccharides with different ratios were employed as test proteins. The content of various carbohydrate groups in these proteins is summarized in Table 3 (literature values). Three different sets of dose-response curves were constructed by plotting percentage inhibition vs concentration of glycoprotein analyte. The results with the Con A/MDH-mannose and the Jacalin/MDH galactose systems are illustrated in Figs. 2 and 3. As shown, each protein exhibits a different dose-response behavior with each assay (i.e., effective detection range and steepness). In general, for the Con A system, the curves are shifted to lower detection ranges as the mannose content (w-t%) of the glycoproteins increase. Among the glycoproteins examined, fi-fructofuranosidase, which has the highest mannose residue (see Table 3 ), yields the most sensitive dose-response curve with the Con AIMDH-mannose reagents. The curves for a-amylase and a,-acid glycoprotein appear to be reversed from that expected based on total mannose content (see Table 3 ), although there is not a large difference in the relatively low weight percent of mannose for these two proteins. Clearly, the accessibility of lectin binding within the three-dimensional structure of the proteins is also an important factor in determining the relative response of the system to each test glycoprotein.
In addition, the actual polysaccharide structure/sequence within the intact protein will also play an important role [some lectins may recognize terminal saccharides better than those within a branched or straight chain sequence (21)]. Another important factor influencing the dose-response behavior will be the ability of a given lectin, with multiple binding sites, to simultaneously bind two carbohydrate sites within the same glycoprotein.
This effectively would increase the affinity of the lectin toward that glycoprotein (22) and dramatically increase the sensitivity of dose-response relative toward one where only single site binding was possible. The dose-response behavior of the four proteins with the Jacalin/MDH-galactose system is as expected, with cr,-acid glycoprotein yielding the greatest response due to the high galactose content of this species (see Fig. 3 ). Table 4 summarizes the ED,, values obtained for the different test proteins using the three lectin/MDH-saccharide reagent sets. On the basis of the ED, values it is easy to distinguish those proteins that have an abundance of one type of saccharide structure and those that lack significant amounts of another. The WGA/MDHglcNAc system is also potentially useful for detecting glycoproteins with terminal sialic acid groups. Indeed, WGA is known to have binding affinity toward sialic acid, although somewhat less than its affinity for Nacetylglucosamine.
This may be due to the structural similarity at positions C-2 (N-acetamido group) and C-3 (hydroxyl group) of the pyranose ring of both saccharide structures.
These positions are known to be critical for WGA binding activity (23). Utilizing the binding property of WGA toward sialic acid, the WGAIMDHglcNAc system was employed to detect several sialic acid-rich glycoproteins (i.e., bovine submaxillary mucin and fetuin). Dose-response curves for these two glycoproteins show reasonable detection ranges (see Fig. 4 ). In addition, when these two proteins are used along with N-acetylglucosamine and a,-acid glycoprotein to test the performance of the proposed homogeneous assay system vs a standard WGA-based agglutinin method (24), the ED, values of both systems are comparable (see Table 5 ). It should be noted that the classical agglutinin test employs red blood cells, requires 20 min, and is, at best, only semiquantitative.
In summary, we have assessed the applicability of several lectin-based homogeneous enzyme-linked competitive binding assays for detecting the type and relative amount of specific carbohydrate structures within intact glycoproteins.
For 
